A number of studies of the comparative utilization2 of intravenously administered glucose and fructose have been carried out in adults (1-4). The results have almost uniformly favored fructose, but have been concerned for the most part with infusions which were of short duration and quantitatively inadequate from the standpoint of caloric maintenance. The caloric equivalents of the differences in the excretion of the sugars were clinically insignificant.
A number of studies of the comparative utilization2 of intravenously administered glucose and fructose have been carried out in adults (1) (2) (3) (4) . The results have almost uniformly favored fructose, but have been concerned for the most part with infusions which were of short duration and quantitatively inadequate from the standpoint of caloric maintenance. The caloric equivalents of the differences in the excretion of the sugars were clinically insignificant.
Comparative utilization studies involving amounts of carbohydrate adequate for the provision of caloric maintenance have been carried out by Strub, Best, Consolazio, and Grossman (4) and by Jonxis and Huisman (5) . The former group administered fructose and invert sugar (equal parts of glucose and fructose) in 300 Gm. quantities over a period of three hours and observed approximately 95 per cent retention in both cases. Jonxis and Huisman, who carried out the only study previously reported in children, were unable to elicit any difference in utilization of glucose and invert sugar. However, the rate of carbohydrate administration employed in their experiments, which were of 24 hours duration, was sufficiently slow to permit essentially complete utilization of both sugars.
In conflict with the consensus of a large number of studies, Beal, Smith, and Frost (6) have found fructose losses in the urine to exceed those of glucose. These authors have explained the discrepancy between their results and those of others on the basis of a delayed excretion of fruc- 1 This work was supported by grants from the National Institutes of Health and the Mead Johnson Company. 2 The term "utilized" is used to denote the difference between carbohydrate input and renal excretion during the duration of the study period.
tose following completion of the infusion and return of the blood level to normal.
The importance of parenteral alimentation in infants suggested that a comparative study of the utilization of glucose and fructose in this age group would be of value. The present study was designed to carry out the comparison at a level of intake which would provide sufficient calories for caloric maintenance.
The rates of administration were selected a) to determine whether fructose utilization equals the maximum generally considered to obtain for glucose (1 Gm. per Kg. per hour) (7) and b) to compare utilization of the two sugars when administered at rates in excess of the infants' capacity for relatively complete glucose utilization (2 Gm. per Kg. per hour).
The appearance of certain disadvantageous side effects during the course of fructose infusions at the more rapid rate, and several reports from other laboratories of the development of acidosis with fructose administration (8, 9) lead to investigation of the attendant acid-base changes. A further study was carried out to compare the extent of accumulation of certain acid metabolites and the magnitude of the acid-base disturbance which results from the rapid infusion of glucose and fructose. The data derived from this study have Table I , were prepared by the Mead Johnson Research Laboratories. They were designed to provide constant amounts of water and electrolytes and increasing hexose concentrations of 5.0, 7.15, and 10.0 Gm. per 100 ml.
Observations of pulse, respiratory rate, and liver size were made at intervals of two hours.
Analyses of the blood were carried out prior to the infusion for the hematocrit and concentrations of glucose and fructose, sodium and potassium. Carbohydrate analyses were repeated at intervals of two hours during the infusion and one hour after its completion. Final determinations of sodium and potassium and of the hematocrit were performed at the end of the infusion. Glucose and hematocrit determinations were done on capillary blood. The other analyses were done on serum obtained from venous blood. The methods used were the Nelson modification of the Somogyi method for total reducing substance (10), Schreiner's modification of the Roe method for fructose (11) , and flame photometry for sodium and potassium.
Complete urine collections were obtained. Separate analyses were carried out on aliquots of the collections at two hourly intervals during the infusion, at one hour postinfusion and finally for an additional four to eight hours. Urine was analyzed for glucose and fructose, sodium, potassium and specific gravity.
The quantity of carbohydrate excreted in the urine following the first postinfusion hour was negligible in all cases and was therefore omitted from the calculations. This finding is at variance with the observations of Beal, Smith, and Frost (6) .
Study of acid-base changes. The experimental group here consisted of 15 hospital in-patients who were convalescent from a variety of diseases. They ranged in age from 11 weeks to 2 years and in weight from 5.3 to 12.7
Kg. Seven subjects received intravenous infusions of a 10 per cent fructose solution with electrolytes at a rate of 2 Gm. per Kg. per hour and eight subj ects received a glucose solution of similar electrolyte concentration at the same rate. The duration of the infusion was six hours except for two fructose studies which were limited to four hours because of obvious evidence of progressive acidosis.
The infused solutions were similar to the 10 per cent hexose solutions of the first experiments, except that they contained somewhat less chloride (approximately 35 mEq. per L.). The infusion technique was the same but blood sampling in these experiments was done through 'an indwelling Cournand needle which was placed in the femoral artery or vein 15 to 30 minutes before the start of the infusion, thus avoiding struggling during the sampling 'which might have elevated lactate and pyruvate concentrations in the blood. Samples were taken prior to the start, at the fourth hour, and at the end (sixth hour) of the infusion and the following studies were done: whole blood pH by a Cambridge pH meter, whole blood carbon dioxide by the technique of Van Slyke and Neill (12) , plasma sodium and'potassium by flame photometry, plasma chloride by the method of Schales and Schales (13) , whole blood lactate by the procedure of Barker and Summerson (14) , and whole blood pyruvate by the direct method of Friedemann and Haugen (15) which measures total keto acids rather than pyruvate alone.
A total urine collection was made for the period of the infusion plus the following hour and kept at a pH of approximately 1.0 in ice. The urine was analyzed for sodium, potassium, lactate, pyruvate and total reducing substance by the methods used above and for fructose by the Roe method as modified by Higashi and Peters (16) .
RESULTS

Studies on utilization
The rate of infusion of the subjects in Group A (Table II) the infused carbohydrates were excreted in the glucose and fructose experiments, respectively. No noteworthy differences were seen in the excretions of water, sodium and potassium in relation to the sugar infused.
The infusions administered to the eight subjects in Group B (Table III) were carried out at a rate known to exceed the infants' capacity for essentially complete utilization of glucose. 
FIG. 1. AVERAGE BLOOD LEVELS DURING AND ONE HOUR AFTER INFUSION
The dots represent blood levels of total reducing substance during and after glucose infusion. The crosses are blood levels with fructose infusion. m m p individual subjects. As in the previous study, the excretion of fructose (8.6 per cent of intake) was significantly lower than that of glucose (23.6 per cent), but in contrast to the earlier group of subjects, the children who received fructose in general did not show a negative sodium balance. The mean sodium excretion of the individuals receiving fructose was higher (99.2 per cent of intake) than that noted with the glucose infusions (81.2 per cent), but not significantly so. The greater mean sodium loss noted in the first study probably reflects the very high infusion rates used in several of the subjects. As before, no significant difference was seen in water or potassium excretions with the two carbohydrates. A highly significant difference was found in the lactic acid excretions of the two groups, 10.4 mg. per Kg. per hour and 0.6 mg. per Kg. per hour for the subjects receiving fructose and glucose, respectively. A significant but less striking difference existed in pyruvate excretion, which averaged 0.6 mg. per Kg. per hour with fructose administration and 0.3 mg. per Kg. per hour with glucose.
DISCUSSION
The results reported here established the fact that infants can utilize fructose almost completely when it is administered at the relatively rapid rate of 1.0 Gm. per Kg. per hour for periods of at least six hours. This rate is equivalent to the maximum set for glucose by Butler and Talbot (7) and confirmed for infants in the present study. When the two sugars were administered at an average rate of 2.0 Gm. per Kg. per hour in order to demonstrate a possible superiority in fructose utilization, there was a statistically significant difference in utilization in favor of fructose.
As stated above, there were indications that the superior utilization of fructose, at rapid rates of infusion, was not entirely advantageous. Statistically significant increments in pulse and respiratory rate were demonstrated during fructose infusion, and appeared to be manifestations of cardiorespiratory responses to an altered metabolic state. A significant enlargement of the liver was likewise noted in association with rapid fructose infusion, probably as the result of the more rapid uptake (17, 18) and conversion of this sugar to glycogen (19) . In addition, the subjects in Group B exhibited an average negative sodium balance with fructose infusion but not.with glucose. This difference was not noted in the subsequent series of experiments in which the carbohydrate infusion rate was maintained more uniformly around 2.0 Gm. per Kg. per hour. Negative sodium balances were particularly prominent in the individual experiments in Group B in which the infusion rate varied above the mean for the group as a whole.
These indications of the existence of a metabolic acidosis were borne out by further investigation of blood pH, CO2 and electrolyte changes. The probable mechanism for this acidosis was demonstrated to be an accumulation in the blood of lactic and pyruvic acids with increased urinary excretion of these metabolites. Similar elevation in blood levels of these intermediates has been reported previously from several sources (8, 17, 18) .
The present controlled studies show that the magnitude of these metabolic alterations is significantly greater with fructose administration than with glucose. The increased appearance of these metabolites occurring especially with fructose administration is probably a reflection of its rapid rate of utilization which has been attributed to a difference in rate of phosphorylation (17) and to the fact that fructose enters the Meyerhof pathway at a point further along than glucose (17) . Smith, Ettinger, and Seligson (18) have suggested that the difference in acid metabolite accumulations is a reflection of the significant extent to which glucose oxidation in the human proceeds through the hexosemonophosphate shunt pathway, in which only 1 M of pyruvate is formed from the breakdown of 1 M of hexose, while 2 M of pyruvate is produced in the Embden-Meyerhof pathway, which is the only known mechanism for fructose breakdown.
The subjects used in these studies had no preexisting acidosis, but showed blood pH decreases to as low as 4. It is suggested that the advantage in fructose utilization over glucose, when administered at a rapid rate of infusion, may be offset by the induced metabolic acidosis and its attendant side effects.
ADDENDUM
Since preparation of this manuscript, another study of the use of carbohydrates in parenteral feeding of children has been reported by Lane and Dodd (25) . They administered 10 per cent solutions of glucose, invert sugar, and fructose, containing no electrolytes, to 18 children and found more glycosuria accompanying the glucose infusions than with the fructose or invert sugar in 16 of the subjects. Their rate of infusion was 1.25 Gm. of sugar per Kg. per hour, which is considerably lower than the 2 Gm. per Kg. per hour rate which produced the significantly greater retention of fructose than glucose in the present study.
